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Text S1. Preparation and Characterization of Blue Nanotube Arrays (BNTA)
The TiO2 nanotube arrays (NTA) electrode was synthesized by the anodization as reported 
previously.1 A 6-cm2 titanium (Ti) metal plate was coupled with a 6-cm2 stainless-steel cathode, 
immersed in an ethylene glycol electrolyte containing 0.25 wt% NH4F and 2 wt% H2O. A constant 
voltage of 40 V was applied between the Ti plate anode and the stainless-steel cathode for 6 h. A 
layer of NTA film with a thickness of 16 µm grew on the surface of the Ti plate. The NTA electrode 
was then calcinated at 450°C in air for 1 h to convert the amorphous TiO2 to the anatase phase. 
The blue NTA (BNTA) was prepared by applying a cathodic current of 5 mA/cm2 to the NTA in 
15 mM Na2SO4 for 5 min.
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Text S2. Detailed Methods for Plasmid Construction
The general idea of plasmid construction is to modify the template plasmid, pEB1-sfGFP (kindly 
provided by Professor Kaihang Wang, Caltech; Addgene plasmid #103983; 
http://n2t.net/addgene:103983) with the target gene inserts (i.e., tetA and sul1) which were PCR-
amplified from the latrine wastewater, as illustrated in Figure S1.
Preparation of the backbone from pEB1-sfGFP with digestion enzyme XbaI.
E. coli MegaX DH10B T1R Electrocomp cells (Invitrogen by Thermo Fisher Scientific, USA) was 
used for all the transformation in this study, including the initial propagation of pEB1-sfGFP, 
construction of all the plasmids. The transformation was carefully prepared following the 
instruction. The electroporation was performed in a 0.2-cm electroporation cuvette at 2500 V using 
the Eppendorf Eporator (Eppendorf, Germany). To propagate pEB1-sfGFP, the transformed cells 
with pEB1-sfGFP was plated on LB agar with 50 g/mL kanamycin and incubated overnight at 
37°C. Cultures of 100 mL in LB Broth with 50 g/mL kanamycin were inoculated with single 
colonies and incubated overnight at 37°C, 200 rpm. The pEB1-sfGFP were then extracted with a 
final concentration of ~124 ng/L by QIAprep Spin Miniprep Kit (Qiagen, USA) following the 
instruction. 
The restriction enzyme XbaI (R0145T, New England Biolabs Inc., USA) was used for the 
digestion of pEB1-sfGFP to cut off the GFP gene. A total reaction volume of 100 L was prepared 
with 10 L of XbaI, 10 L of CutSmart Buffer, 40 L of pEB1-sfGFP stock solution, and 40 L 
of nuclease-free water. The digestion reaction was performed overnight at 37°C. Gel 
electrophoresis of the digested pEB1-sfGFP was conducted on 1% TBE agarose gels at 100 V for 
30 min using Mupid-One Electrophoresis System (Takara Bio Inc., Japan). The bands (Figure S12) 
were visualized by SYBR Safe DNA Gel Stain (10,000X, Thermo Fisher Scientific, USA) with 1 
kb plus ladder (New England Biolabs Inc., USA). The gel with the band for the backbone pEB1 
(3622 bp) was cut off and purified with GeneJET Gel Extraction Kit (Thermo Fisher Scientific, 
USA).
Preparation of tetA and sul1 inserts from wastewater. 
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The two target genes, tetA and sul1, were first PCR amplified from the latrine wastewater with the 
primers tetA-long and sul1-full (Table S1). The PCR products were then purified with the 
QIAquick PCR Purification Kit (QIAGEN, USA). To include an overlap with the backbone pEB1 
for assembly, the purified tetA and sul1 genes were then modified with the primers pEB1-tetA and 
pEB1-sul1 (Table S1), respectively, by PCR amplification and then purified with with QIAquick 
PCR Purification Kit again. The PCR amplification was performed on a Biometra TRIO Thermal 
Cycler (Analytik Jena, Germany) using PrimeSTAR HS DNA Polymerase (Takara Bio Inc., USA). 
Each 50 µL PCR reaction contains 10 µL 5X PCR buffer, 4 µL 2.5 mM dNTP, 1 µL of forward 
and reverse primers at 10 µM, 1 µL template DNA, 0.5 µL PrimeSTAR and 32.5 µL sterilized 
dH2O. Thermocycling program was as follows: 98°C for 1 min followed by 36 cycles of 98°C for 
10 s, annealing temperature (Table S1) for 15 s with the primers of tetA-long and sul1-full or 10 s 
with longer primers, 72°C for 1 min, and 72°C for 30 s after cycles.
Gibson assembly for preparing target plasmids
Then, the complete fragments of tetA (1191 bp) and sul1 (840 bp) were incorporated into backbone 
pEB1 by Gibson Assembly (Gibson et al., 2009) forming the resulting plasmids pEB1-tetA and 
pEB1-sul1, respectively (shown in Figure S1). 
Functionality analysis and structural sequencing for constructed plasmids
The plasmids were then transformed into DH10B and then plated on LB agar with 50 g/mL 
Kanamycin and incubated overnight at 37°C. Twenty-three colonies were picked from the plates 
for each cloned plasmid and suspended in 40 µL dH2O. The culture suspension of DH10B 
transformed with pEB1-sfGFP was also prepared as negative control. Then 5 µL of each culture 
suspension was stamped on plain LB agar and LB agar with 10 µg/mL tetracycline for pEB1-tetA 
or LB agar with 200 µg/L sulfamethoxazole for pEB1-sul1. Two randomly selected positive 
colonies stamped on selective LB agar plate for each cloned plasmid are shown in Figure S13. 
The two colonies were inoculated in selected LB media and grown overnight at 37°C, 200 rpm. 
Plasmids were extracted from the culture and subsequently sequenced using Sanger sequencing 
(Laragen Sequencing and Genotyping, USA). For the target plasmid pEB1-tetA, 4 primers (pEB1-
Bb-FW, pEB1-Bb-RV, tetA-long-FW, and tetA-short-RV, shown in Table S1) were used for 
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sequencing. A sequence length of 1420 bp (including 181 bp before tetA, the first 528 bp of tetA, 
the last 592 bp of tetA, and 49 bp after tetA) was aligned using SnapGene (USA) and 8 base pair 
mutations resulting in 3 amino acid mutations that were observed; all occurred in the tetA gene. 
The positions of the mutations are listed in Table S5 and shown in Figure S14. Since the similarity 
of the aligned sequence is 99.5% and the tetracycline-resistance was successfully expressed by 
DH10B cells, we kept the gene as tetA in this study. For the target plasmid pEB1-sul1, 4 primers 
(pEB1-Bb-FW, pEB1-Bb-RV, sul1-full-FW and sul1-full-RV, shown in Table S1) were used for 
sequencing. A sequence length of 1105 bp (including the complete 840 bp of sul1 gene with 198 
bp before and 67 bp after sul1) were aligned using SnapGene (USA), and no mismatch was found 
(100% similarity). The maps of the two constructed plasmids were generated using Snapgene 
Software (Version 5.2.0, GSL Biotech LLC) and are shown in Figure S2.
Plasmid extraction
The transformed DH10B culture with the cloned pEB1-tetA or pEB1-sul1 was stored at -80°C in 
15% glycerol as stock. All the cell cultures thereafter were cultivated directly from the stocks in 
LB Broth with 10 µg/mL tetracycline or 200 µg/mL SMX at 37°C, 200 rpm overnight. To prepare 
plasmid stocks, several extractions were conducted for both pEB1-tetA and pEBA-sul1. The 
concentrations of the plasmid DNA in the plasmid stocks are 80-170 ng/µL as measured a 
Nanodrop One C (Thermo Fisher Scientific, USA).
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Text S3. Effect of electrolytes on the DNA analysis by gel electrophoresis and qPCR 
inhibition.
The effect of the electrolytes on gel electrophoresis and qPCR inhibition was investigated. The 
background electrolyte, NaCl, at an initial concentration of 30 mM was electrolyzed under a 
constant direct current of 30 mA with UV radiation for 0 s, 1 min, 5 min, and 10 min. Then the 
stock samples of pEB1-sul1 and purified PCR amplicon of sul1 (840 bp) were spiked into the 
electrolyzed NaCl with varied electrolysis durations. They were then analyzed by gel 
electrophoresis and qPCR measurement. No differences were observed in the gel electrophoresis 
results (Figure S3) or qPCR (Figure S4) between the samples taken during the zero applied 
potential electrolysis (i.e., no electrolysis) experiments and electrolyzed NaCl.
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Figure S1. Plasmid construction performed for pEB1-tetA and pEB1-sul1.
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Figure S2. Plasmid DNA maps of pEB1-tetA and pEB1-sul1, showing the positions of two 
restriction enzymes, XbaI and SbfI.
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Figure S3. Gel electrophoresis of pEB1-sul1 and sul1 spiked in electrolyzed NaCl (30 mM) with 
different electrolysis durations.
S9
Figure S4. CT values (sul1_long) of spiked pEB1-sul1 and sul1 as a function of variable durations 
for UV-EO treated NaCl with an initial concentration of 30 mM. No difference was observed 
between the samples in untreated and treated NaCl with P values of 0.18 and 0.34 for pEB1-sul1 
and sul1, respectively (ANOVA test).
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Figure S5. The qPCR calibration curves for 4 amplicons, tetA_long (1200 bp), tetA_short (216 
bp), sul1_long (827 bp) and sul1_short (162 bp), with slope, y-intercept, R2 and PCR efficiency 
(E) calculated from 10(-1/slope)-1. The error bars represent one-standard deviation of triplicate 
measurements.
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Figure S6. Stability tests on BNTA anode performed in 15 mM Na2SO4 at 10 mA/cm2 in the 












































Figure S7. O1s XPS orbitals of (a) NTA, (b) BNTA, (c) BNTA after 1 h electrolysis with UV254 
irradiation, and (d) BNTA after 1 h electrolysis without UV254 irradiation. The peak of O1s orbital 
can be deconvoluted to a main peak centered at 531 eV and shoulder peak centered at 532 eV. The 
former can be assigned to fully coordinated lattice oxygen (Olat), while the latter corresponds to 
oxygen vacancies (Ovac).2,3 It is important to note that XPS analysis gives semi-qualitative 
comparison rather than qualitative numbers and that uncertainties lie in the peak deconvolution 
even if the FWHM of Olat and Ovac are set as the same. More precise crystal structure 
characterizations performed on synchrotron X-ray absorption spectroscopy are underway.
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Figure S8. BA degradation by BNTA at 10 mA/cm2 in the absence (EO) and presence (UV-EO) 
of UV. All the test was performed in 30 mM NaClO4 except tests “EO w/ Cl-” and “UV-EO w/ 
Cl-” were conducted in 30 mM NaCl. Experimental data were fitted by the first-order kinetics. 
It is assumed that the intrinsic reaction between BA and ·OH follows second-order kinetics, 
which can be further simplified to a form of pseudo-order kinetics as Eq. S1:
                                           (Eq. S1)
𝑑𝐶BA
𝑑𝑡 = 𝑘 ∙ 𝑂𝐻[ ∙ OH][BA] = 𝑘𝑜𝑏𝑠[BA]
The observed rate constant (kobs) fitted by linear regression is 2.58 × 10-4 s-1. The corresponding 
steady-state ·OH concentration ([·OH]ss) is calculated to be 4.37 × 10-14 M according to Eq. S2.




Figure S9. Chlorine evolution during UV-EO process in 30 mM NaCl at varied current densities. 
Error bars represent one standard deviation from triplicate experiments.
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Figure S10. Radical speciation estimated by the kinetic model developed in this study, with the 
conditions: (a) EO w/o Cl-, (b) EO w/Cl-, (c) UV-EO w/o Cl-, and (d) UV-EO w/Cl- in the presence 
of 30 mM NaCl and 35 mg/L free chlorine. 
S16
Figure S11. Logarithmic relative concentrations of both long and short qPCR amplicons for tetA 
and sul1 as a function of 1) UV254 dose and 2) time, during treatment of intracellular plasmids 
hosted in E. coli DH10B with UV254 irradiation alone and UV-EO at various currents conducted 
in 30 mM NaClO4 (a-d) and 30 mM NaCl (e-h). The error bars represent standard deviation from 
triplicate experiments and the lines represent the linear regressions of the data. The fluence-based 
first-order kinetics rates k are derived from the slope of the linear curves and labeled in unit of 
cm2/mJ. Some data points are excluded from linear regression due to their deviation from first-
order kinetics by observation and labeled in the dashed border.
S17
Figure S12. DNA gel electrophoresis of pEB1-sfGFP after digestion by XbaI.
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Figure S13. Growth of DH10B transformed by pEB1-sfGFP (-) and by the cloned pEB1-tetA and 
pEB1-sul1 (Tet, teracycline; SMX, sulfamethoxazole).
S19
Figure S14. Chromatogram of Sanger sequencing for cloned pEB1-tetA with annotated 
mutations.
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Table S1. List of primers used in this study.
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Table S2. Wastewater conditions before and after the UV-EO treatment by BNTA at 30 mA for 
30 min.
Before treatment After treatment
NH3-N (mg/L) 445 390
COD (mg/L) 236 174
pH 9.0 8.9
Total chlorine (mg/L) 0.0 4.0
Conductivity (mS/cm) 5.0
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Table S3. Critical reactions included in the kinetic model.
Reaction No. Reaction Rate constant Reference
pH-dependent equilibrium
1 H+ + OH‾ → H2O     1.00 × 1011 M-1 s-1 16
2 H2O → H+ + OH‾ 1.00 × 10-3 M-1 s-1 16
3 OCl‾ + H+ → HOCl 5.00 × 1010 M-1 s-1 16
4 HOCl → OCl‾ + H+ 1.60 × 103 M-1 s-1 16
Electrochemical reactions
5* M-OH → HOˑ EO: 6.1 × 10-7 M s-1 
UV-EO: 1.1 × 10-6 M s-1
Fitted value
6* MO + Cl- → Clˑ 8.8 × 10-5 s-1 Fitted value
UV/chlorine
7 HOCl → Clˑ + HOˑ 3 × 10-4 M s-1 Fitted value
Clˑ generation
8 Cl‾ + HOˑ → ClOHˑ 4.30 × 109 M-1 s-1 17
9 ClOHˑ → Cl‾ + HOˑ 6.10 × 109 M-1 s-1 18
10 Clˑ + OH‾ → ClOHˑ‾ 1.80 × 1010 M-1 s-1 19
11 ClOHˑ‾ + H+ → Clˑ + H2O 2.10 × 1010 M-1 s-1 18
12 ClOHˑ‾ + Cl‾ → Cl2ˑ‾ + OH‾ 1.00 × 105 M-1 s-1 20
13 Cl2ˑ‾ + OH‾ → ClOHˑ‾ + Cl‾ 4.50 × 107 M-1 s-1 20
14 Clˑ + Cl‾ → Cl2ˑ‾ 6.50 × 109 M-1 s-1 19
15 Cl2ˑ‾ → Clˑ + Cl‾ 1.10 × 105 M-1 s-1 18
Cl2 generation
16 Clˑ + Clˑ → Cl2 1.00 × 108 M-1 s-1 21
17 Clˑ + Cl2ˑ‾ → Cl‾ + Cl2 1.40 × 109 M-1 s-1 22
18 Cl2ˑ‾ + Cl2ˑ‾ → 2Cl‾ + Cl2 8.30 × 108 M-1 s-1 17
19 Cl2ˑ‾ + HOˑ → HOCl + Cl‾ 1.00 × 109 M-1 s-1 17
Cl2 dissolution
20 Cl2 + H2O → Cl2OH‾ + H+ 1.50 × 101 M-1 s-1 23
21 Cl2OH‾ → HOCl + Cl‾ 5.50 × 109 M-1 s-1 23
HOˑ transformation
22 HOˑ → Oˑ‾ + H+ 1.26 × 1012 M-1 s-1 24
23 Oˑ‾ + H2O → HOˑ + OH‾ 1.80 × 106 M-1 s-1 24
24 HOˑ + OH‾ → Oˑ‾ + H2O 1.30 × 1010 M-1 s-1  
HO2‾, HO2ˑ, O2ˑ‾ related
25 HOˑ + Oˑ‾ → HO2‾ 1.00 × 1010 M-1 s-1 24
26 HOˑ + HO2‾ → HO2ˑ + OH‾ 7.50 × 109 M-1 s-1 24
27 HO2ˑ + O2ˑ‾ → HO2‾ + O2 9.70 × 107 M-1 s-1 24
28 HOˑ + HO2ˑ → H2O + O2 6.60 × 109 M-1 s-1 24
29 HO2ˑ + HO2ˑ → H2O2 + O2 8.30 × 105 M-1 s-1 24
30 HO2ˑ → H+ + O2ˑ‾ 1.60 × 105 M-1 s-1 25
31 HOˑ + O2ˑ‾ → OH‾ +O2 8.00 × 109 M-1 s-1 24
Radicals quenched by free chlorine
32 HOˑ + HOCl → ClOˑ + H2O 2.00 × 109 M-1 s-1  16
33 HOˑ + OCl‾ → ClOˑ + OH‾ 8.80 × 109 M-1 s-1  
34 Clˑ + HOCl → ClOˑ + H+ + Cl‾ 3.00 × 109 M-1 s-1 27
35 Clˑ + OCl‾ → ClOˑ + Cl‾ 8.20 × 109 M-1 s-1 18
Radicals quenched by benzoic acid
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36 HOˑ + C6H5COO‾ → Products 5.90 × 109 M-1 s-1 24
37 Clˑ + C6H5COO‾ → Products 1.80 × 1010 M-1 s-1 28
38 Cl2ˑ‾ + C6H5COO‾ → Products 2.00 × 106 M-1 s-1 29
39 Oˑ‾ + C6H5COO‾ → Products 4.00 × 107 M-1 s-1 24
* The M-OH and MO represents the active sites of BNTA to generate ·OH radicals and oxidize Cl-, 
respectively. The active sites are assumed to be infinite. Thus, {M-OH} and {MO} were set as one in the 
model. The reactions then follow zero-order kinetics.
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Table S4. Summary of kinetic parameters for ARB inactivation and ARG degradation/deactivation from literature and this study (UV alone and UV 
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dose for 4-log10 
reduction 
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CFU/mL  30 mM NaClO4  
fluence-based 
first order 50 (3.9 log10) This study







CFU/mL  30 mM NaClO4  
fluence-based 
first order 50 (2.6-log10) 150 (4.2 log10)  






CFU/mL 1200 30 mM NaClO4 1.3 (± 0.10)×10-2
fluence-based 
first order 354 >3000  






CFU/mL 216 30 mM NaClO4 2.8 (± 0.03)×10-3
fluence-based 
first order 1645 >3000  






copies/µL 1200 30 mM NaClO4 1.7 (± 0.02)×10-2
fluence-based 
first order 271 >542  






copies/µL 216 30 mM NaClO4 2.8 (± 0.03)×10-3
fluence-based 
first order 1645 >3000  






CFU/mL 827 30 mM NaClO4 1.2 (± 0.02)×10-2
fluence-based 
first order 384 ~600  






CFU/mL 162 30 mM NaClO4 2.3 (± 0.02)×10-3
fluence-based 
first order 2003 >3000  






copies/µL 827 30 mM NaClO4 1.6 (± 0.05)×10-2
fluence-based 
first order 288 ~1500  






copies/µL 162 30 mM NaClO4 2.8 (± 0.02)×10-3
fluence-based 
first order 1645 >3000  




(by qPCR) 1 µg/mL 192 2 mM PBS; pH 7 2.0 (± 0.05)×10-2
fluence-based 








(by qPCR) 1 µg/mL 400 2 mM PBS; pH 7 3.4 (± 0.07)×10-2
fluence-based 
first order 135 N.A.




(by qPCR) 1 µg/mL 603 2 mM PBS; pH 7 5.8 (± 0.11)×10-2
fluence-based 
first order 79 N.A.




(by qPCR) 1 µg/mL 851 2 mM PBS; pH 7 8.9 (± 0.16)×10-2
fluence-based 
first order 52 104




activity 1 µg/mL 2 mM PBS; pH 7 6.5 (± 0.21) ×10-2
fluence-based 
first order 71 N.A.




activity 1 µg/mL 2 mM PBS; pH 7 1.0 (± 0.03)×10-1
fluence-based 
first order 46 92




activity 1 µg/mL 2 mM PBS; pH 7 2.4 (± 0.06) ×10-1
fluence-based 
first order 19 38
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activity 1 µg/mL 2 mM PBS; pH 7 1.6 (± 0.06)×10-1
fluence-based 
first order 29 N.A.












CFU/mL 162 PBS; pH 7 1.96×10-2
fluence-based 











CFU/mL 146 PBS; pH 7 2.99×10-2
fluence-based 
first order 154 N.A.  
blt  
chromo
some extracellular  
gene damage 
(by qPCR) 1 ng/µL 266 10 mM PBS;pH 7 2.0 (± 0.1) ×10-2
fluence-based 
first order > 88 (0.6-log10) N.A.






(by qPCR) 1 ng/µL 832 10 mM PBS;pH 7 5.2 (± 0.2) ×10-2
fluence-based 





(by qPCR) 1 ng/µL 870 10 mM PBS pH 7 7.8 (± 0.4) ×10-2
fluence-based 





(by qPCR) 1 ng/µL 1017 10 mM PBS;pH 7 8.8 (± 0.4) ×10-2
fluence-based 









activity 1 ng/µL 10 mM PBS;pH 7 109 N.A.
blt  
chromo








CFU/mL  10 mM PBS;pH 7   > 66 (1.9-log10) N.A.  


















copies/mL 400 2 mM PBS; pH 7 3.1 (± 0.09) ×10-2
fluence-based 
first order






copies/mL 603 2 mM PBS; pH 7 5.4 (± 0.16) ×10-2
fluence-based 
first order






copies/mL 851 2 mM PBS; pH 7 1.0 (± 0.03) ×10-1
fluence-based 
first order






copies/mL 2 mM PBS; pH 7 6.1 (± 0.30)×10-2
fluence-based 
first order 76 151






CFU/mL 192 2 mM PBS; pH 7 1.7 (± 0.09)×10-2
fluence-based 
first order






CFU/mL 400 2 mM PBS; pH 7 2.8 (± 0.06)×10-2
fluence-based 
first order






CFU/mL 603 2 mM PBS; pH 7 4.6 (± 0.18)×10-2
fluence-based 
first order






CFU/mL 851 2 mM PBS; pH 7 7.2 (± 0.35)×10-2
fluence-based 
first order






copies/mL 190 2 mM PBS; pH 7 1.7 (± 0.09)×10-2
fluence-based 
first order






copies/mL 390 2 mM PBS; pH 7 2.9 (± 0.12) ×10-2
fluence-based 
first order






copies/mL 530 2 mM PBS; pH 7 4.0 (± 0.24) ×10-2
fluence-based 
first order






CFU/mL  2 mM PBS; pH 7 6.2 (± 0.4) ×10-2
fluence-based 
first order 74 151  
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copies/mL 850 2 mM PBS; pH 7 1.1 (± 0.01) ×10-1
fluence-based 










copies/mL 806 2 mM PBS; pH 7 1.5 (± 0.06) ×10-1
fluence-based 
first order 31 61






CFU/mL 850 2 mM PBS; pH 7 7.0 (± 0.3) ×10-2
fluence-based 
first order 66 132






CFU/mL 806 2 mM PBS; pH 7 9.0 (± 1.4) ×10-2
fluence-based 
first order 51 102






copies/mL 850 2 mM PBS; pH 8 1.0 (± 0.06) ×10-1
fluence-based 
first order 46 92






copies/mL 806 2 mM PBS; pH 8 1.3 (± 0.1)×10-1
fluence-based 
first order 35 71






CFU/mL 850 2 mM PBS; pH 8 6.5 (± 0.9) ×10-2
fluence-based 
first order 71 142






CFU/mL 806 2 mM PBS; pH 8 7.2 (± 0.9)×10-2
fluence-based 








CFU/mL 2 mM PBS; pH 7 2.1 (± 0.1)
fluence-based 
first order 2.2 4.4










sludge); pH 7 1.1×10-1
fluence-based 
first order 42 < LOQ










sludge); pH 7 9.5×10-2
fluence-based 
first order 31 < LOQ










sludge); pH 7 6.2×10-2
fluence-based 
first order 66 < LOQ










sludge); pH 7 6.3×10-2
fluence-based 
first order 51 < LOQ  

























activity 10 ng/µL DNase free water 1.02 (± 0.19)×10-1
fluence-based 
first order 45 N.A.
blaT




(by qPCR) 10 ng/µL 861 DNase free water 6.8 (± 0.4)×10-2
fluence-based 
first order 68 N.A.
blaT




(by qPCR) 10 ng/µL 209 DNase free water 5.5 (± 0.6)×10-3
fluence-based 
first order > 430 (1-log10) N.A.
blaT




activity 10 ng/µL  DNase free water 1.13 (± 0.09)×10-1
fluence-based 



























































































































wastewater N.A. ~200 N.A.
vanA  
chromosome or 









(by qPCR)  1030
PBS/filtered 
wastewater N.A.  ~80 N.A.
UV254/H2O2            
[H2O2]0=0.5 mm




(by qPCR) 0.3 µg/mL 192 2 mM PBS; pH 7
10.34 (± 0.21) 
×10-2
fluence-based 








(by qPCR) 0.3 µg/mL 400 2 mM PBS; pH 7
14.81 (± 0.78) 
×10-2
fluence-based 
first order 31 N.A.




(by qPCR) 0.3 µg/mL 603 2 mM PBS; pH 7
19.34 (± 0.97) 
×10-2
fluence-based 
first order 24 48
S29




(by qPCR) 0.3 µg/mL 851 2 mM PBS; pH 7
29.99 (± 2.10) 
×10-2
fluence-based 
first order 15 31




activity 0.3 µg/mL 2 mM PBS; pH 7
5.11 (± 0.18) 
×10-2
fluence-based 
first order 90 ~180
[[H2O2]0=10 mg/L          


















copies/mL 400 2 mM PBS; pH 7 4.1 (± 0.16) ×10-2
fluence-based 
first order






copies/mL 603 2 mM PBS; pH 7 6.7 (± 0.28) ×10-2
fluence-based 
first order






copies/mL 851 2 mM PBS; pH 7 1.8 (± 0.06) ×10-1
fluence-based 
first order






copies/mL 2 mM PBS; pH 7 7.3 (± 0.4) ×10-2
fluence-based 
first order 63 126






CFU/mL 192 2 mM PBS; pH 7 1.6 (± 0.09)×10-2
fluence-based 
first order






CFU/mL 400 2 mM PBS; pH 7 2.9 (± 0.12) ×10-2
fluence-based 
first order






CFU/mL 603 2 mM PBS; pH 7 4.8 (± 0.28) ×10-2
fluence-based 
first order






CFU/mL 851 2 mM PBS; pH 7 7.3 (± 0.30) ×10-2
fluence-based 
first order






copies/mL 190 2 mM PBS; pH 7 2.3 (± 0.05) ×10-2
fluence-based 
first order






copies/mL 390 2 mM PBS; pH 7 3.9 (± 0.14) ×10-2
fluence-based 
first order






copies/mL 530 2 mM PBS; pH 7 4.7 (± 0.21) ×10-2
fluence-based 
first order






CFU/mL  2 mM PBS; pH 7 6.4 (± 0.4) ×10-2
fluence-based 
first order 72 144  
[H2O2]0==10 mg/L






copies/mL 850 2 mM PBS; pH 7 2.1 (± 0.2) ×10-1
fluence-based 










copies/mL 806 2 mM PBS; pH 7 2.1 (± 0.3) ×10-1
fluence-based 
first order 22 44






CFU/mL 850 2 mM PBS; pH 7 6.3 (± 0.6) ×10-2
fluence-based 
first order 73 146






CFU/mL 806 2 mM PBS; pH 7 7.1 (± 0.3) ×10-2
fluence-based 
first order 65 130






copies/mL 850 2 mM PBS; pH 8 1.3 (± 0.4) ×10-1
fluence-based 
first order 35 71






copies/mL 806 2 mM PBS; pH 8 2.0 (± 0.2) ×10-1
fluence-based 
first order 23 46






CFU/mL 850 2 mM PBS; pH 8 7.0 (± 3.5) ×10-2
fluence-based 
first order 66 132






CFU/mL 806 2 mM PBS; pH 8 8.8 (± 0.6) ×10-2
fluence-based 








CFU/mL 2 mM PBS; pH 7 2.2 (± 0.1)
fluence-based 
first order 2.1 4.2
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sludge); pH 7 1.1×10-1
fluence-based 
first order 42 < LOQ










sludge); pH 7 1.0 ×10-1
fluence-based 
first order 46 < LOQ










sludge); pH 7 5.4×10-2
fluence-based 
first order 85 < LOQ










sludge); pH 7 6.2×10-2
fluence-based 
first order 74 < LOQ  
UV254/S2O82-            
[S2O82-]0=0.5 mM




















first order 27 54








first order 24 48








first order 14 29




activity 0.3 µg/mL  2 mM PBS; pH 7 5.16 (± 0.09)×10-2
fluence-based 
first order 89 179  




















CFU/mL 146 PBS; pH 7 1.42×10-1 first order 33 N.A.  
UV254 assisted electrochemistry
30 mA of DC







CFU/mL  30 mM NaClO4   50 (4.1-log10) This study







CFU/mL  30 mM NaClO4   50 (4.0-log10)  



















































































































































































































CFU/mL latrine wastewater 150 (1.9-log10) 300 (2.7-log10)
 





 gene damage 
(by qPCR)
5.8e×102 















































UV>290/H2O2            
[H2O2]0=10 mM




(by qPCR) 1 µg/mL 192 2 mM PBS; pH 7 8.1 (± 0.69) ×109
fluence-based 








(by qPCR) 1 µg/mL 400 2 mM PBS; pH 7 2.2 (± 0.07) ×1010
fluence-based 
first order N.A. N.A.




(by qPCR) 1 µg/mL 603 2 mM PBS; pH 7 3.5 (± 0.10) ×1010
fluence-based 
first order 1.32×10-10 N.A.




(by qPCR) 1 µg/mL 851 2 mM PBS; pH 7 5.6 (± 0.27) ×1010
fluence-based 
first order 8.23×10-11 1.65×10-10




activity 1 µg/mL 2 mM PBS; pH 7 2.7 (± 0.05) ×1010
fluence-based 
first order 1.71×10-10 N.A.





activity 1 µg/mL 2 mM PBS; pH 7 4.1 (± 0.14) ×1010
fluence-based 
first order 1.12×10-10 N.A.





activity 1 µg/mL 2 mM PBS; pH 7 6.5 (± 0.18) ×1010
fluence-based 
first order 7.09×10-11 N.A.





activity 1 µg/mL 2 mM PBS; pH 7 8.2 (± 0.23) ×1010
fluence-based 
first order 5.62×10-11 N.A.





activity 1 µg/mL 2 mM PBS; pH 7 N.A. (too fast)
blt  
chromo
some extracellular  
gene damage 
(by qPCR) 1 ng/µL 266 10 mM PBS;pH 7 5.9 (± 0.8) ×1010 second order > 2.6 × 10-11(0.8-log10)

































10 mM PBS; pH 
7









10 mM PBS; pH 
7   > 66 (1.9-log10)  




















CFU/mL 146 PBS; pH 7 5.67×10-2 first order 27 N.A.
blt  
chromo
some extracellular  
gene damage 







































CFU/mL NaOCl; pH 7 > 46 (1-log10) N.A.
[Cl2]0=5 mg/L            






copies/mL 850 2 mM PBS; pH 7 2.1 (± 0.2) ×10-1
fluence-based 










copies/mL 806 2 mM PBS; pH 7 3.1 (± 0.2) ×10-1
fluence-based 
first order 28 50






CFU/mL 850 2 mM PBS; pH 7 1.0 (± 0.1) ×10-1
fluence-based 
first order 21 67






CFU/mL 806 2 mM PBS; pH 7 1.0 (± 0.1) ×10-1
fluence-based 
first order 26 72






copies/mL 850 2 mM PBS; pH 8 7.4 (± 0.1) ×10-2
fluence-based 
first order 89 152






copies/mL 806 2 mM PBS; pH 8 2.7 (± 0.2) ×10-2
fluence-based 
first order 205 376






CFU/mL 850 2 mM PBS; pH 8 9.0 (± 0.7) ×10-2
fluence-based 
first order 41 92






CFU/mL 806 2 mM PBS; pH 8 1.0 (± 0.2) ×10-1
fluence-based 
first order 35 81







CFU/mL 2 mM PBS; pH 7 8.7 (± 0.9)
fluence-based 
first order 0.05 0.11









effluent; pH 7 ~300 
fluence-based 
first order
Generally, 20 mg/L of 
chlorine dose was 
required (1 h duration)









effluent; pH 7 ~300 
fluence-based 
first order
Generally, 20 mg/L of 
chlorine dose was 
required (1 h duration)









effluent; pH 7 ~120 
fluence-based 
first order
Generally, 20 mg/L of 
chlorine dose was 
required (1 h duration)









effluent; pH 7 ~120
fluence-based 
first order
Generally, 20 mg/L of 
chlorine dose was 
required (1 h duration)
* When the required dose for 2-log10 or 4-log10 removal falls off the linear regression data range, the data most nearby is reported.
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Table S5. Mutations in pEB1-tetA detected by Sanger sequencing.
Position in pEB1-tetA Position in tetA gene Mutation Amino acid mutation in 
pEB1-tetA
1230 1049 C  T Threonine (350)Isoleucine
1299 1118 T  C Valine (373)Alanine
1306 1125 C  T Alanine (375)Alanine
1312 1131 A  C Leucine (377)-Leucine
1316 1135 C  - Leucine (379)-Leucine
1320 1139 - C Valine (380)Leucine
1327 1146 C  G Leucine (382)Leucine
1330 1149 C  G Proline (383)-Proline
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